ABSTRACT This investigation was designed to calculate left ventricular maximum time-varying elastance (Emax), to define the relationship between Emax and pressure-volume (P-V) relations at other, more easily defined measured of end-systole, and to determine whether these measures of left ventricular contractile function can be normalized in man. Accordingly, we studied 10 subjects with simultaneous high-fidelity micromanometer left ventricular and ascending aortic pressure recordings and biplane contrast cineangiograms at control conditions and during infusion of methoxamine and nitroprusside. Emax was defined as the maximum slope of the linear relation of isochronal, instantaneous P-V data points obtained from each of the three loading conditions. Left ventricular end-systole was also defined for each loading condition as: the time of the maximum P-V ratio (maxPV), minimum ventricular volume (minPV), (-)dP/dt ..[(i-)dP/dtPV], and zero systolic flow approximated by the central aortic dicrotic notch (AodiPV). The mean heart rates and LV ( + )dP/dtmax were insignificantly altered during the three loading conditions. Isochronal Emax ranged from 3.38 to 6.73 mm Hg/ml (mean 5.48 ± 1.23 [SD] mm Hg/ml) and the volume-axis intercepts at zero pressure ranged from -2 to 51 ml (mean 18 + 16 ml). The isochronal slope calculations were reproducible (r = .97 to .99). The endsystolic P-V slope values for the maxPV, minPV, (-)dP/dtPV, and AodiPV relations correlated with isochronal Emax (r = .90, .88, .69, and .74, respectively 
THE EVALUATION of left ventricular contractile function by isovolumic or ejection phase indexes, which are variably affected by chamber loading conditions, is problematic.1' 2 The linear relation between PATHOPHYSIOLOGY AND NATURAL HISTORY-VENTRICULAR PERFORMANCE P-V or P-D relations might be useful for assessing left ventricular contractile function, important limitations of these investigations have been raised. 2' '7 The endsystolic P-V relations used in these studies were defined differently than isochronal EmaX.24-3033 Importantly, an attempt to calculate E1aX, defined as the maximum slope of the time-varying relationship of isochronal, instantaneous P-V data points, has been perforned in only one study in man by means of radionuclide angiography. 35 In contrast, no data exist regarding the calculation of isochronal Ema, with use of the superior spatial and temporal resolution of biplane contrast cineangiography. Whether a systemic relationship exists between P-V relations at various, more easily defined measures of end-systole and isochronal Ema has not been completely defined in man. In some of these initial human studies, the end-systolic P-V relationship was generated from a single data point assuming a zero volume-axis intercept." This approach is not consistent with the physiologic concept, since end-systolic P-V relations are defined by both a slope and VO value generated from the linear regression of several data points.1 '7 [SD] ). No subject had experienced a prior myocardial infarction. All 10 subjects had a normal electrocardiogram, physical examination, chest x-ray and M mode echocardiographic study. Before the cardiac catheterization, two subjects were taking no medications, whereas eight subjects were taking one or more of the following medications: diuretics (five subjects), nitrates (one subject), ,3-adrenergic blocking drugs (three subjects), calcium-entry blocking drugs (three subjects), and vasodilators (one subject). All diuretics, /3-adrenergic blocking drugs, and vasoactive drugs were stopped 48 figure 2 , A. The timevarying elastance in this subject appears in figure 2 , B. Emax occurred at 309 msec, and it was 3.38 mm Hg/ml with an extrapolated volume-axis intercept at zero pressure (V0) of 31 ml.
Several definitions of end-systole were used to calculate endsystolic P-V relations for comparison with isochronal Emax. These included the time of the maximum P-V ratio (maxPV), which occurs at the left uppermost corner of the P-V loops4, 15 by an analysis of variance. When a significant F statistic was obtained, t tests with a Bonferroni correction were used to identify where differences occurred.
The three isochronal and end-systolic P-V data points in each patient were analyzed by least-squares linear regression analysis to obtain individual slopes and extrapolated volume-axis intercepts at V0. Then the isochronal Emn and end-systolic P-V slope and V0 values in the 10 subjects were compared by least-squares linear regression analysis to obtain correlation coefficients (r), regression equations, and standard errors of the estimate (SEE).
The Emn and end-systolic P-V relation data are presented as the mean + SD and were compared by an analysis of variance. When a significant F statistic was obtained, t tests with a Bonferroni correction were again used to define where differences occurred. A probability value of .05 or less was considered significant.
Results
Hemodynamics (tables 1 and 2). The control hemodynamic data for each patient are shown in table 1, and the mean hemodynamic data for all 10 patients during the three loading conditions appear in table 2. The control heart rate was 78 + 10 (SD) beats/min and did not vary significantly during the infusions of methoxamine and nitroprusside. In contrast, the mean control ascending aortic peak and dicrotic notch pressures were 122 + 23 and 101 + 15 mm Hg, and they increased during the methoxamine infusion to 181 ± TABLE 2 31 and 146 + 21 mm Hg (p < .001 for both); they decreased during the nitroprusside infusion to 87 ± 13 and 72 ± 13 mm Hg (p < .001 for both).
The mean control left ventricular peak and end-diastolic pressures were 122 ± 24 and 12 ± 5 mm Hg, increasing during the infusion of methoxamine to 180 ± 32 and 19 ± 10 mm Hg (p < .001 and p < .01, respectively). The left ventricular peak pressure decreased during the infusion of nitroprusside to 93 ± 11 mm Hg (p < .001), whereas the left ventricular enddiastolic pressure decreased to 8 ± 6 mm Hg (p < .05). In contrast, the control left ventricular (+ )dP/dtmax was 1145 ± 342 mm Hg/sec and did not change during the infusions of methoxamine and nitroprusside. Similarly, the average (+ )dP/dt normalized to develop pressure 40 mm Hg (DP40) during the control condition was 982 ± 327 mm Hg/sec, and it did not differ significantly during the infusions of methoxamine and nitroprusside (939 ± 370 and 1041 ± 341 mm Hg/sec, respectively).
The mean control left ventricular end-diastolic volume was 119 ± 43 ml, and it did not change significantly during the infusions of methoxamine and nitroprusside. In contrast, the mean control left ventricular Mean heart rates, arterial and left ventricular pressures, and volumes (n = 10) The average maxPV (4.05 1.15 mm Hg/mI), minPV (4.07 ± 1.14 mm Hg/ml), (-)dP/dtPV (2.71 1.18 mm Hg/ml), and AodiPV (3.29 + 1.14 mm Hg/ml) relations were all less than the mean Emax slope value (p < .001 for all, figure 5) . Similarly, the mean extrapolated volume-axis intercepts for all of these end-systolic P-V relations underestimated that for Emax, but they did not reach significance because of the wide 4 reported that the slopes of the left ventricular peak pressure vs end-ejection volume relations overestimated (p < .001) and the endejection P-V relations underestimated (p < .001) and the left ventricular maximum end-systolic P-V relations. Similarly, Nivatpumin et al.,25 using high-fidelity left ventricular pressures and end-systolic volumes from single-plane cineangiograms in man, observed that the peak aortic pressure vs end-systolic volume relations averaged 10% greater than the maximum P-V relations, but both values correlated (r -.99). Recently, using radionuclide angiography, McKay et al. 35 reported that the peak pressure vs minimum ventricular volume and end-systolic P-V relations, defined at peak (-)dP/dt, correlated with Emax obtained from the linear regression of isochronal, instantaneous P-V data points (r -.87 and .91, respectively), but the endsystolic P-V relations overestimated isochronal Emax. McKay et al., using radionuclide angiography, reported a correlation (r = .76) between the maximal P-V ratio and isochronal Emax,, and they suggested that a single-beat maximal P-V ratio might be a reasonable approximation of E.ax. In contrast, Kono et al.' reported that in the excised, supported canine left ventricular preparation, the maximal P-V ratio underestimated the slope of the maximum P-V relations (p < .01) and was load dependent. Similarly, Wisenbaugh et al.,23 in an intact canine preparation, have demonstrated the load dependence of the singlebeat maximal pressure (stress)-volume ratio, a finding we have also demonstrated in man. 46 Since the maximal P-V ratio from a single beat demonstrates load dependence, three or more P-V data points should n -10 T: +SD probably be obtained in any one patient to characterize end-systolic P-V relations by a slope and VO value, regardless of the definition of end-systole. '7 36 It has been emphasized that the slope and V0 values in man should be normalized to enable comparisons of left ventricular contractile function to be made between patient groups, since left ventricular size may have an independent influence on these values. 17 Belcher et al.37 have examined this issue in an intact canine preparation and reported that the maximum end-systolic P-V relation slope and VO values correlated linearly with both body and left ventricular weight. The data in our subjects suggests that isochronal Emax and other end-systolic P-V relation slope values might be normalized by left ventricular mass. However, the appropriate method for normalizing VO remains unclear.
Although our data indicate that Emax can be calculated in man, certain potential limitations to this approach must be considered. First, our patients were studied and in man, minor shifts in the end-systolic P-V relations observed over the limited range of loading conditions in this investigation are probably undetectable. Furthermore, isochronal Emax and the maximal endsystolic P-V relations in the excised, supported canine ejecting left ventricle were generated during alterations in resistive afterload and were shown to be comparable to the isovolumic length-tension relations during control and altered contractile states.6 In this study, isochronal Emax and the other end-systolic P-V relations were similarly generated in man.
Another important consideration is the methods we used to define end-systole. In practical terms, endsystole has long been defined as end-ejection, although end-ejection may not under all hemodynamic conditions coincide with the end of left ventricular contraction.", 5 25, 29, 35 In only one of our subjects with a small left ventricular volume was V0 less than zero for isochronal Emax; then, it was only -2 ml, which is within the variability of the cineangiographic method of obtaining left ventricular volumes. 39 In contrast, as many as one-third of all the other end-systolic P-V relations had negative V0 values outside the error of the volumetric method. This may be related to the reduced slope values resulting from the pharmacologic intervention.55 56 Alternatively, investigators have suggested that P-V data points in the physiologic range are linear, while in the subphysiologic range a curvilinear relationship may exist.: Thus the linear extrapolation of the isochronal Emax and end-systolic P-V relation slope values to zero pressure with only three P-V data points may not provide physiologically meaningful data. This may also explain why we observed no relationship between the V0 values and left ventricular and body weight in our subjects.
Finally, to use the regression equations generated in this investigation to "normalize" isochronal Emax and the other end-systolic P-V slope values for intergroup comparisons, one must assume that our subjects represent a relatively "normal" population. Since our subjects were studied for atypical chest pain, we cannot totally exclude occult cardiomyopathy, hypertrophy, or small-vessel coronary artery disease. Our subjects, however, were similar to those considered "normal" in other cineangiographic studies by left ventricular volume indexes, ejection fraction, wall thickness, and mass criteria.58 60 Only subject 7 fell outside 2 SDs of the "normal" mean value for left ventricular mass, [58] [59] [60] which by cineangiography has a standard error of the estimate of 23 g.41 Nevertheless, even with subject 7 excluded, isochronal Emax continued to correlate with left ventricular mass (r = -.86, y = 7.57-0.014x) but not with body weight or left ventricular end-diastolic volume. Thus the range of normalizing values observed in our subjects probably represents that of 42 relatively "normal" men and women undergoing cardiac catheterization.
We conclude from these data that isochronal Emax can be calculated in man, that other end-systolic P-V relations significantly underestimate isochronal Emax and the unstressed volume, and that the most appropriate normalization of isochronal Emax and end-systolic P-V relation slope values may be left ventricular mass; however, the appropriate normalization of V0 remains unclear. Nevertheless, the various end-systolic P-V relations and the relationship of ascending aortic and dicrotic notch pressure to minimum left ventricular volume may be useful approximations of isochronal Emax, and they may further simplify the acquisition of a relative measure of left ventricular contractile function in man. Whether the responses of these measures to positive and negative inotropic interventions are similar to those of isochronal Emax remains to be evaluated.
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